In piezoresponse force microscopy a lateral signal at the domain boundaries is occasionally observed. In recent years, a couple of experiments have been reported and varying explanations for the origin of this lateral signal have been proposed. Additionally, elaborated theoretical modeling for this particular issue has been carried out. Here we present experimental data obtained on different crystallographic cuts of LiNbO 3 , BaTiO 3 , and KTiOPO 4 single crystals. We could thereby rule out some of the explanations proposed so far, introduce another possible mechanism, and quantitatively compare our results to the existing modeling.
Piezoresponse force microscopy (PFM) has become a standard technique for the investigation of ferroelectric domain patterns during the past fifteen years.
1,2 For PFM a scanning force microscope is operated in contact mode with an oscillating voltage applied to the tip.
The piezomechanical response of the sample, i. e., the vibration of the sample surface beneath the tip, is read out via the movement of the cantilever using a lock-in amplifier. When speaking about PFM imaging of ferroelectric domains, one usually refers to measurements recording the deflection of the cantilever ('vertical signal') owing to an out-of plane driving force caused by the thickness changes of the sample.
In scanning force microscopy, however, it is also possible to record in-plane driving forces via the torsion of the cantilever ('lateral signal'). A lateral signal observed by PFM indicates an in-plane piezomechanical deformation of the sample surface. 3, 4 In case of a contrast detected between different domain faces this could be attributed to an expansion/contraction mechanism (rather than shearing) caused by the in-plane electric field components arising from the PFM tip. 5 But also at the domain boundaries a distinct lateral signal was occasionally observed. [6] [7] [8] [9] [10] The origin of this lateral signal at the domain boundaries (LS db ) is still under discussion. In this contribution we review the mechanisms proposed, compare them to our experimental results, and outline the complexity of the situation.
The first publications showing a LS db supposed the topographical slope at the domain boundary to cause the torsion of the cantilever. [6] [7] [8] This slope originates from the opposed piezoelectric deformation of the crystal left and right from the tip when it is located on top of a domain boundary. To determine the angle α of the slope, the appropriate piezoelectric tensor element of the crystal d ij and the voltage U applied to the tip is needed.
Using the simple assumption (SA) that the deformation of the surface takes place on the dimension of the tip diameter 9 or by finite element method (FEM) 8,11 yields α SA = 0.04
• and α FEM = 0.0062
• respectively, for lithium niobate (LiNbO 3 ) with d 33 = 7 pm/V and U = 10 V. 12 Unfortunately, in the publications assuming the slope to cause LS db neither a detailed description of the suggested mechanisms nor a quantitative estimate of the expected LS db is given. The following considerations are therefore based on the figures published in those papers.
In Ref. [6] the authors state that differential piezoelectric activity in adjacent domains gives rise to a torque of the cantilever. Neither the schematic shown (original Fig. 6(c) ) nor the text itself, however, does allow to draw conclusions on their understanding of the exact 2 mechanism leading to torsion.
In Ref. [7] no friction between tip and sample surface seems to be assumed the contact force F contact being drawn perpendicular to the inclined plane ( Fig. 1(a) ). Thus, the tip slides along the sample surface and the cantilever torques until equilibrium of forces is reached.
Using the parallelogram of forces one can calculate the lateral force to be F lat = tan α F load , where F load is the load of the tip (typically of the order of 10 nN 13 ). This leads to lateral forces of F lat ≈ 1 pN(α FEM ) and 7 pN(α SA ).
In Ref. [8] strong friction between tip and sample surface seems to be assumed since the torsion of the cantilever is drawn as if the tip was taken along by the surface ( Fig. 1(b) ).
The tip sticks to the sample surface and the cantilever torques until equilibrium of forces is reached. For simplicity we assume the extreme case that no sliding at all occurs. The torque experienced at the apex of the tip, approximated by a sphere (radius r = 60 nm), is M s = r sin α F load . This torque M s has to be balanced by the torsion of the cantilever leading to a torque M c = k tor ∆x h, where k tor [N/m] is the torsion spring constant of the cantilever, ∆x the lateral displacement of the sphere, and h ≈ 10 µm the tip height. The lateral force can thus be calculated as
Inserting the numbers gives F lat ≈ 6.5 fN(α FEM ) and 42 fN(α SA ).
As shown above, slope-based explanations for the LS db require F lat ∝ F load . We therefore performed experiments on LiNbO 3 where we changed F load by two orders of magnitude (thereby utilizing probes with different spring constants), however, no effect on LS db was observed. Figure 1 (c) shows part of those measurements where during data acquisition, we changed the load of the tip (spring constant k = 22.7 N/m) by a factor of 4 by setpoint adjustment. In addition, we also performed measurements on LiNbO 3 at different relative humidities (between 5% and 50%) thereby changing the meniscus force between tip and sample surface, which might act as an offset to the load of the tip, but again no effect on LS db was observed. Our quantitative measurements on LiNbO 3 gave values of F lat ≈ 10 nN. This is much larger than the values estimated above. From these results we conclude that the LS db can not be caused by the slope at the domain boundary.
A non-mechanical model for the LS db was proposed next, assuming the strong electric fields caused by the domain-specific polarization surface charging to account for the lateral signal at the domain boundaries. 9 Experiments performed on 70 nm thin PZT films, however, showed no significant contribution of surface charging to the LS db . 10 We now re-3 explored this issue, explicitly investigating the x-and y-faces of LiNbO 3 and the y-face of KTiOPO 4 crystals. All these faces being non-polar, no surface charging is expected, which we confirmed by electrostatic force microscopy 14 measurements. In our PFM measurements of those samples, a LS db was observed on the y-face of LiNbO 3 only. In addition, we investigated the polar z-faces of KTiOPO 4 , LiNbO 3 , and 3% Fe:LiNbO 3 , which all showed a LS db . The LS db on the iron doped LiNbO 3 was comparable to that on the undoped crystal.
From these experiments we conclude that domain specific surface polarization charging can not be the only driving mechanism for the LS db .
Recently a theoretical model for the LS db has been reported. 15 In this work, the displacement of the sample surface underneath the tip is calculated, especially for scanning across 180
• domain boundaries. Here the tip is assumed to follow this displacement. In the model, the LS db is represented by an effective piezoelectric tensor element d To check the validity of the model we performed quantitative measurements of the vertical and the lateral PFM signals using a periodically poled LiNbO 3 (PPLN) crystal. We calibrated our scanning force microscope with a setup built on purpose. Therefore we glued an aluminium cube on top of a piezo slab. To one of the cube's upright faces we glued another piezo slab. As a sample, we attached a PPLN directly to the upright piezo slab. This setup allows for calibration and subsequent measurements without the need of repeated approaches of the tip onto different samples. The error of the calibration was found to be approx. 10%. Figure 2 shows the calculated line scans for LiNbO 3 from Ref. [15] in comparison with our experimental results obtained with a diamond coated tip of radius r = 60 nm (confirmed by scanning electron microscopy). Neither the amplitudes nor the shapes are well reproduced by the theoretical calculations.
For another test of the model we carried out comparative measurements on multi-domain single-crystals of BaTiO 3 and LiNbO 3 . Figure 3(a,b) and (d,e) show the vertical and lateral PFM signals recorded simultaneously. Obviously, the contrast-relation is the same for both materials: at a ⊙|⊗ domain boundary (e.g. at the position of ≈ 6 µm) the LS db shows up as a bright peak; correspondingly at a ⊗|⊙ domain boundary, the LS db shows up as a dark peak.
As for the amplitudes of the LS db is smaller by a factor of ten on BaTiO 3 when compared to LiNbO 3 . 17 The theoretical model, however, predicts a reversed contrast-relation for these two materials and a larger amplitude of the LS db for BaTiO 3 than for LiNbO 3 . Apparently, the model in its actual state can not explain our results.
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We therefore attempted a qualitative understanding of the situation at the domain boundary. At first, we would like to discuss the origin of lateral signals in PFM in a more general way. The electric field emerging from the tip can be approximated by that of a point charge.
As a consequence, the sample will be deformed only in an "active volume" of few µm 3 size.
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Further out of this volume, the field strength is negligible, the sample will remain at rest.
For lateral displacements of the sample surface one can now think about two mechanisms:
expansion/contraction and shearing. 5 In the case of expansion/contraction the parts on the left side of the tip undergo a different deformation than those on its right side. (Fig. 4(a) ).
In the case of shearing, every part within the active volume undergoes the same deformation in one direction only (Fig. 4(b) ). Consequently, shearing is suppressed due to sideways clamping.
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As a next step, we analyzed all possible combinations of a specific direction of the electric field E i with the appropriate piezoelectric tensor elements d ij , the tip being placed on top of a 180
• domain boundary. We thereby identified the (E i , d ij )-pairs for LiNbO 3 , KTiOPO 4 , and BaTiO 3 leading to an expansion/contraction displacement. We found that in the case of LiNbO 3 (point group 3m) a LS db can be expected only on the z-and the y-faces but not on the x-face. For KTiOPO 4 (point group mm2), only the polar z-face should show a LS db whereas on the y-face no such signal is expected. Our experimental results match these predictions. Note that in these materials, for a given polarity of the tip, the direction of the lateral displacement at the domain boundary is the same for all (E i , d ij )-pairs. The different contributions thus add up to a net LS db .
In the case of BaTiO 3 (point group 4mm) the situation is somewhat more complicated.
In this material, for a given polarity of the tip, the possible (E i , d ij )-pairs lead to lateral displacements at the domain boundary towards different directions, thus partially canceling out. This might explain why on BaTiO 3 only a very small LS db was detected. A confirmation of this assumption might only be possible by means of finite element calculations.
In conclusion, we have discussed different mechanisms proposed so far to cause the lateral signal at the domain boundaries in PFM measurements. Although no final answer on the dominant driving mechanism can be given at the moment, it can, however, be stated that according to our experimental results: i) slope-based explanations can be excluded, ii) the electric field due to the domain specific surface charging can not solely cause the lateral signal at the domain boundaries and iii) the actual theoretical model is not yet complete.
We qualitatively discussed conceivable mechanisms for a lateral surface displacement at the domain boundary, the tip being placed on top of it. Finally we tried to explain why the lateral signal measured on BaTiO 3 is that small. The bright squares symbolize small volumes without an electric field applied. Their deformation when applying an electric field is shown in (a) by the solid contours for contraction/expansion and in (b) by the dotted contours for shearing. The latter deformation, however, is suppressed due to sideways clamping.
